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Narrow diameter tubes and especially 6,5 tubes with a diameter of 0.75 nm are currently one of the most
studied carbon nanotubes because their unique optical and especially luminescence response makes them
exceptionally suited for biomedical applications. Here we report on a detailed analysis of the electronic
structure of nanotubes with 6,5 and 6,4 chiralities using a combined experimental and theoretical approach.
From high-energy spectroscopy involving x-ray absorption and photoemission spectroscopy the detailed
valence- and conduction-band response of these narrow diameter tubes is studied. The observed electronic
structure is in sound agreement with state of the art ab initio calculations using density-functional theory.
DOI: 10.1103/PhysRevB.82.125444 PACS numbers: 71.20.Tx, 71.10.Hf, 73.63.Fg
I. INTRODUCTION
In recent years there has been tremendous progress in
obtaining a sound understanding of the mechanical, elec-
tronic, and optical properties of single-wall carbon nanotubes
SWCNTs.1 Specifically, narrow diameter tubes and espe-
cially 6,5 tubes with a diameter of 0.75 nm are currently
one of the most studied SWCNTs. This is because of their
exceptional enrichment established in the CoMoCAT synthe-
sis process2 and their unique optical and especially lumines-
cence response.3 They have the special property of fluoresc-
ing in a region of the near infrared,4 where human tissue and
biological fluids are particularly transparent for their emis-
sion. This makes them very useful for biological imaging as
well as for biosensing.5–7 Surprisingly, much less is known
on the direct experimental and ab initio theoretical analysis
of their electronic structure which is crucial for understand-
ing their optical response.
Different methods have been developed and optimized to
synthesize such small diameter tubes below 0.8 nm diameter
and especially with 6,5 and 6,4 chiralities. Kitiyanan et
al.2 successfully controlled the production of SWCNTs by
catalytic decomposition of CO on bimetallic Co-Mo catalysts
yielding an enrichment of 6,5 tubes. On the other hand, a
pattern of 6,5 and 6,4 tubes have been successfully syn-
thesized via nanochemical reaction inside SWCNTs,8 i.e., the
growth of double-wall carbon nanotubes. This was success-
fully achieved by high-temperature annealing of peapods
C60 @ SWCNTs without any further catalyst9–11 and by a
catalytic reaction in metallocene filled SWCNTs.12–14 Be-
sides this direct growth of narrow diameter tubes, in recent
years great progress in the separation of narrow diameter
tubes has been achieved.15–21 The main techniques comprise
DNA wrapping,15,18,22,23 chromatographic separation,15,19
and density gradient ultracentrifugation DGU.20 It is also
possible to enrich the SWCNTs sample in mainly one n ,m
tube type. In particular, 6,5 SWCNTs have been both sepa-
rated successfully15–18 and analyzed regarding their photolu-
minescence response. However, for most of these samples
the direct observation of their electronic properties by
surface-science techniques was complicated by the presence
of byproducts from the used surfactant and/or by the low
yield of the separation process. Only very recently purified
samples without remaining surfactant of 6,4,6,5 chirality
enrichment, have been available as bulk mats of SWCNTs a
so-called buckypaper.21
Concomitant to the synthesis and optical characterization,
several theoretical approaches have been used to analyze the
electronic structure and the optical response of narrow diam-
eter tubes. For these tubes, semi-empirical tight-binding TB
calculations, which work very well for large diameter
SWCNTs,1,24 have to be extended since they neglect curva-
ture effects in their description of the electronic structure.
Particularly for small diameter tubes, the carbon-carbon
bonds on the curved nanotube surface become inequivalent
as  orbitals, being parallel in graphite, are no longer parallel
on a curved surface. This involves a change in overlap be-
tween neighboring  orbitals. This was partly solved by
Popov25 who studied the effect of curvature on the structure,
electronic, and optical properties of isolated SWCNTs within
a symmetry-adapted nonorthogonal tight-binding model us-
ing 2s and 2p electrons of carbon. However, the exact values
for the transition energies are still not reproduced sufficiently
well.
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Ab initio calculations of highly chiral small diameter
SWCNTs have until recently been too computationally ex-
pensive since the unit cell of the 6,5 and 6,4 tubes contain
hundreds of atoms. Hence, to date there is only one result
from Chang et al.26 utilizing a symmetry-adapted local-
density approximation ab initio approach to calculate such
tubes with large unit cell. These results were successfully
applied to calculate the optical matrix elements and exciton
binding energies for 6,5 tubes in comparison to two-photon
experiments.27
In this paper we report on a detailed analysis of the elec-
tronic structure of small diameter nanotubes with enriched
6,4,6,5 chirality with a combined experimental and theo-
retical approach. From high-energy spectroscopy involving
x-ray absorption spectroscopy XAS and photoemission
PES the detailed valence- and conduction-band response of
these narrow diameter tubes is probed. The observed elec-
tronic structure is in sound agreement with our extensive
state of the art ab initio density-functional theory DFT cal-
culations using the generalized gradient approximation
GGA.
II. METHODS
The experiments are carried out on a CoMoCAT sample,
enriched with 6,5 SWCNTs by DGU method.21 After filter-
ing, the obtained buckypaper was transferred onto a copper
sample holder fixed by a Ta foil and annealed at 1000 K.
This was performed in a UHV preparation chamber followed
by a subsequent transfer to a variable temperature He cry-
ostat attached to the measurement chamber. The base pres-
sure was always below 210−10 mbar.
The PES and XAS experiments were performed at beam-
line UE 52 PGM at Bessy II, which has a resolving power
E /E of 4104.28 For PES a hemispherical photoelectron
energy analyzer SCIENTA SES 4000, with the energy reso-
lution set to 10 meV, was used. XAS was conducted in the
total electron yield mode. All spectra were recorded at 15 K
with an effective energy resolution better than 30 meV. The
excitation energies were calibrated by the Fermi edge of
clean Au films and the XAS response was normalized to the
background absorbance measured on the same Au films.
The enrichment was checked by resonance Raman optical
absorption and luminescence spectroscopy taking into ac-
count the corresponding different cross sections for the indi-
vidual tubes. We found that the enrichment of 6,4 and 6,5
tubes, which are roughly of equal concentration in the bulk
sample, is about 80% of all thin diameter nanotubes.29 In this
report we also determined the main fractions of the other
20% of tubes which are of 7,5, 8,4, and 9,1 chiralities.
For comparison, we also show results on a sample with large
diameter semiconducting SWCNTs SC-SWCNTs from Ref.
30, with a mean diameter of 1.37 nm.
All calculations have been performed using the real-space
DFT code GPAW,31 based on the projector-augmented wave
method with the GGA Perdew-Burke-Ernzerhof PBE
exchange-correlation functional.32 A grid spacing of 0.2 Å
was used to represent the electron density and wave func-
tions, and all structures were relaxed until a maximum force
below 0.03 eV /Å was obtained. For the unit cells obtained
upon minimization a -point sampling of the Brillouin zone
was sufficient to describe the equilibrium electron density
6,4 SWNT dimensions: 18.61820.020.0 Å3, 6,5
SWNT dimensions: 40.74720.020.0 Å3. However, to
describe the density of states a 50 k-point sampling of the
Brillouin zone along the nanotube axis was employed with
the equilibrium electron density kept fixed.
III. RESULTS AND DISCUSSION
We now turn to a detailed discussion of the direct assess-
ment of the electronic structure of the SWCNTs with 6,4
and 6,5 chiralities in comparison to our ab initio calcula-
tions. As a first check, we determined the sample purity and
sample composition in comparison to the results obtained
from optical techniques.29 We used an x-ray photoemission
spectroscopy survey scan for checking the purity regarding
contamination from adsorbates and remaining surfactants
and catalysts. Only very small contamination from oxygen
was detected within the limit of 0.5% and no remaining
metal catalysts have been observed within the detection
limit. Therefore, we can safely state that the purity is higher
than 98%.33
Regarding the analysis of the sample composition we per-
formed a detailed line-shape analysis of the C 1s response,
depicted in Fig. 1. The left panel of the figure shows a com-
parison of the response of the 6,4,6,5 chirality-enriched
sample and the purely semiconducting nanotubes with 1.37
nm mean diameter30 using an excitation energy of 400 eV.
The inset shows the C 1s response in an expanded scale. The
maximum represents the binding energy and is 284.47 eV for
the 6,4,6,5 enriched sample and 284.43 eV for the semi-
conducting reference SWCNTs. The binding-energy differ-
ence of 40 meV between the maxima highlights that the
FIG. 1. Color online a C 1s photoemission response of the
6,4,6,5 enriched sample outer green curve in comparison to
purely semiconducting SWCNT with 1.37 nm mean diameter from
Ref. 30 gray curve, measured with a photon excitation energy of
400 eV at a temperature of 35 K. The inset shows the C 1s line in
an expanded scale. b Line-shape analysis of the C 1s response of
the 6,4,6,5-enriched buckypaper using Voightian line shapes and
a Shirley background. The inset shows the three components 6,4
as blue curve and 6,5 as red curve of the C 1s line on an ex-
panded scale.
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binding energy is slightly dependent on diameter and chiral-
ity. Both peaks are, as expected, characterized by a symmet-
ric Voigtian line shape with a full width at half maximum of
0.46 eV for the 6,4,6,5 chirality-enriched sample and
0.29 eV for the thick diameter semiconducting sample.
One explanation for the increased linewidth for the
6,4,6,5 sample, also in comparison with graphite
0.32 eV, is the larger bond-angle variation for narrow-
diameter tubes due to the strong curvature.34 However, the
linewidth is significantly broader than for C60, which has a
similar curvature and also only one sp2 bonding environ-
ment. On the other hand, a change in the sp2 bonding envi-
ronment is not expected to be curvature dependent and
would yield a much more pronounced increase in the line-
width. For instance, even without changing the Ih symmetry
of the fullerene cage when going from C60 to Dy3N@C80 or
Sc3N@C80 Refs. 35 and 36 the different sp2 bonding en-
vironments in the C80 cage results in a C 1s linewidth of
0.9 eV. Therefore, we can safely assign the increased
linewith in the 6,4,6,5 chirality-enriched sample to the
distribution of different binding energies for these different
narrow diameter tubes.
In order to further support this assessment we performed a
detailed line-shape analysis of the C 1s response using Voi-
gthian lines and a Shirley background including the response
from the plasmon satellites and the shake up structures. The
results are depicted in the right panel of Fig. 1. We observe a
very good agreement using three components for the main
C 1s line and three broad contributions for the shake up and
the  and + plasmon satellites. The details are depicted
in the inset of the right panel of Fig. 1. The three peaks at
284.42, 284.49, and 284.52 eV have a relative spectral
weight of 44%, 20%, and 36%, respectively. These results
are in sound agreement with the 6,5 to 6,4 ratio of about
1:1 and the 80% enrichment factor of these chiralities deter-
mined from our optical experiments.29 In keeping with the
results mentioned below, we assign the binding energy of
284.42 eV to the 6,4 tubes and the higher binding energy of
284.52 eV to the 6,5 tubes. In other words, they have a
binding-energy difference of 100 meV. The linewidth of
these two components is 0.41 eV. The increased linewidth of
about 1 eV of the 284.49 eV component can be related to the
mixture of the different narrow diameter tubes with 7,5,
8,2, and 9,1 chiralities as main contributions.
We now turn to a detailed analysis of the valence-band
response. In the left panel of Fig. 2 the photoemission spec-
trum of the valence band, measured with an excitation en-
ergy of 150 eV, is plotted for the 6,5/6,4 enriched sample
green curve and the SC-SWCNTs with 1.37 nm mean di-
ameter gray curve.30 The overall shape is again very similar
but has distinct differences in the line shape close to the
Fermi level. In order to analyze the details in the electronic
structure of the  bands, we elucidated the valence-band
photoemission in a high-resolution closeup at low binding
energies. The results are depicted in the right panel of the
figure. As expected, the experimental result is dominated by
a strong peak which is related to the underlying  maximum
in the density of states DOS concomitant to the saddle-
point singularity at the M point of the graphene parent com-
pound. In addition, a distinct fine structure in the DOS is
observed which can be closely matched with previous results
on metallicity-mixed37,38 and metallicity-separated SWCNTs
Ref. 30 with thick diameters assigned to van Hove singu-
larities vHSs in the DOS. In our previous results a very
good agreement with diameter cumulative tight-binding cal-
culations was observed. As mentioned above, such calcula-
tions fail because of strong curvature induced changes in the
tight-binding overlap. Therefore we performed state of the
art ab initio calculations for both the 6,4 blue curve in the
figure and 6,5 tubes red curve in the figure and compared
it to the experimental results after applying a Gaussian reso-
lution broadening.
In order to account for the different chemical potentials of
the 6,4 and 6,5 tubes in comparison to the reference
Fermi level of gold and the strong underestimation of the
actual energy gaps in the ab initio calculations of up to 0.2
eV we shifted the calculated DOS by +0.18 eV for the 6,4
tubes and by −0.4 eV for the 6,5 tubes, respectively.39 Al-
though the absolute values of the shift is not the same as for
the change in the respective C 1s binding energy depicted in
Fig. 1, the results explain the higher binding energy of
0.1 eV of the 6,5 tubes. After accounting for this correction,
the energy position of the calculated vHs of both tube types
correspond very well to the measured peaks in the valence-
band response. The peaks in the DOS are indicated by the
labels S1, S2, S3,4, and S5,6 for the vHS of the semiconduct-
ing 6,5 and 6,4 tubes. Interestingly, for the 6,5 tubes the
Fermi level is pinned to the onset of the conduction band
whereas for the 6,4 tubes the conduction-band onset it
about 0.68 eV above the reference. This difference in the
chemical potential might be explained by differences in the
contact potential of these very narrow diameter tubes due to
their strong curvature.40
The first peak at 0.36 eV can be assigned to the corre-
sponding S1 vHS of the 6,4 tubes, the second peak at
0.84 eV is related to the first vHS S1 of the 6,5 and the S2
vHS of the 6,4 tubes. The peak at 1.36 corresponds to the
FIG. 2. Color online a Valence-band photoemission spectrum
of the 6,4,6,5 chirality-enriched sample green curve and only
semiconducting reference SC-SWCNT gray curve, measured with
photon excitation energy of 150 eV. b High-resolution closeup of
the 6,4,6,5 chirality-enriched sample in comparison to ab initio
calculations of the DOS of 6,4 blue curve and 6,5 tubes red
curve. The calculated DOS are shifted against the Fermi level of
gold to account for the different chemical potentials. The labels S1,
S2, S3,4, and S5,6 correspond to the position of the respective van
Hove singularities in the valence band.  indicates the DOS maxi-
mum, EF the Fermi energy.
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S2 vHS of the 6,5 tubes whereas the broad feature at about
1.9 eV is related to the S3,4 vHS of the 6,4 tubes. As the
overlap between the higher vHs increases, it is harder to
distinguish the individual different vHS related to the broad
 peak with a shoulder and a broad hump at a lower binding
energy. This hump can be assigned to the S3,4 vHS of the
6,5 tubes and the S5,6 vHS of the 6,4 tubes, respectively.
Interestingly, the shoulder and the main peak can be distinc-
tively assigned to the S5 vHS of the 6,5 tubes and the S7
vHS of the 6,4 SWCNT.
We now turn to another independent comparison of the ab
initio results of the conduction band to the strongly excitonic
XAS response. The results are plotted in Fig. 3. The left
panel shows an overlay of the 6,5/6,4 enriched sample
and the previously measured response of only semiconduct-
ing tubes. The overall shape is similar in terms of the general
features regarding the  and the  edges typical for sp2
carbons. They are characterized by a sharp  resonance
around 285 eV which is known to be strongly excitonic and
downshifted about 2 eV due to the C 1s core-hole effect41–43
and an excitonic  threshold at 291.19 eV.44 However, there
are distinct differences in the fine structure.
Concomitant to our previous results this fine structure is a
fingerprint for the one-dimensional band structure of the
SWCNT. Therefore, it is strongly depending on the position
of the vHS in the different diameter tubes. Interestingly, for
the 6,4,6,5 chirality-enriched sample an additional broad
but structured feature is observed at about 288 eV. This fea-
ture can be assigned to the response of higher lying vHS of
the conduction bands of the 6,5 and 6,4 enriched samples.
In contrast to the diameter cumulative response from thick
diameter semiconducting tubes these vHSs are well sepa-
rated and can therefore be easily detected. This is in good
agreement with the observation in valence-band photoemis-
sion that the S5 vHS of the 6,5 tubes and the S7 vHS of the
6,4 SWCNTs are well separated.
In order to analyze the unoccupied DOS in the 6,4,6,5
chirality-enriched sample in more detail we performed a de-
tailed line-shape analysis in an extended energy range of
2 eV above the  onset. The results are depicted in the right
panel of Fig. 3. The open black circles represent the mea-
sured data points of this C 1s edge. The thick green line is
the fit using a broad peak from the  response along the
tube axis dark blue line and a fine structure of six Gaussian
peaks labeled by the numbers. These are colored purple. The
C 1s binding energy of the 6,4 and 6,5 tubes is high-
lighted by the arrow. In the inset below the ab initio calcu-
lated DOS is plotted for the individual 6,5 red and 6,4
blue SWCNT. As a reference point the binding energy of
the 6,4 tubes was used. The broad  resonance has a
maximum at 285.16 eV. The six smaller peaks are observed
at 284.45 eV, 284.86 eV, 284.99 eV, 285.24 eV, 285.61 eV,
and 285.99 eV, respectively.
In the ab initio calculated DOS for the individual 6,5
and 6,4 tubes the 6,5 DOS is referenced to the binding
energy of the 6,4 tubes and hence shifted by 0.1 eV accord-
ing to the binding-energy difference. This is a fully self-
consistent description taking into account the differences in
their respective chemical potentials.
The twofold response consisting of a strongly excitonic
 resonance from the delocalized states along the tube axis
and the weakly modified response from the vHS polarized
perpendicular to the tube axis is obvious and in good agree-
ment to our previous results on thick-diameter tubes.30,42 The
energy positions are also well reproduced with the relative
intensities modified by core hole effects. The calculated en-
ergy difference between the first and second vHSs and sec-
ond and third vHSs of the unoccupied DOS amount to 0.43
and 0.31 eV for the 6,5 and 0.22 and 0.09 eV for the 6,4
tubes. The difference between the third and fourth vHSs and
between the fourth and fifth vHSs is 0.29 and 0.48 eV for the
6,5 tubes and 0.18 and 0.42 eV for the 6,4 tubes. Com-
paring the observed six peaks from the line-shape analysis
with the response from the vHS in the DOS, the first two
peaks can be safely assigned to the S1
 and S2
 vHSs of the
6,5 tubes in the conduction band, respectively. The third
peak, labeled number 3 is assigned to the S1
 vHS of the 6,4
tubes whereas peak numbers 4 and 5 can be deconvoluted
into a superposition of the response from the S3,4
 and S2,3,4

vHSs of the 6,5 and 6,4 nanotubes, respectively. Finally,
the last peak number six is a superposition of their respective
S5
 vHS. The agreement in the relative energy positions is
very good and further supports our self-consistent descrip-
tion of the electronic structure of 6,4 and 6,5 SWCNTs.
IV. SUMMARY
We performed a detailed experimental and theoretical
study on the electronic structure of the valence and conduc-
tion bands of 6,5 and 6,4 nanotubes. We find a sound
agreement between the calculated relative energy positions
of the vHS in the DOS of our ab initio calculations and the
measured DOS of the conduction- and valence-band
σ∗
π∗
FIG. 3. Color online a XAS spectrum representing the con-
duction band of the 6,4,6,5 chirality-enriched sample green
curve and only semiconducting reference SC-SWCNT gray
curve. b High-resolution close up of the 6,4,6,5 chirality-
enriched sample in an energy range of 2 eV above the C 1s edge.
The circles represent the measured data. The thick green line is the
fit using a broad peak from the  response along the colored
purple. The C 1s binding energy of the 6,4 and 6,5 tubes is
highlighted by the arrows. In the inset below the ab initio calculated
DOS is plotted for the individual 6,5 red and 6,4 blue
SWCNT. As a reference point the binding energy of the 6,4 tubes
was used.
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response as directly measured by high-resolution photoemis-
sion and x-ray absorption. The relative ratio of the different
SWCNTs in our buckypaper is verified by a line-shape
analysis of the C 1s photoemission response. The chemical
potential between the 6,5 nanotubes and the even
narrower 6,4 tubes differs by about 0.7 eV. This might be
explained by the different interactions induced by the
increased curvature.
Our results set the solid basis for the electronic structure
of these narrow diameter tubes and pave the way to a de-
tailed understanding of their electronic and optoelectronic
applications as well as for understanding their optical re-
sponse in nanomedicine and nanobiology.
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